The systematic assignment of gene function to a sequenced genome is one of the outstanding challenges in the post-genomic era. Largescale systematic mutagenesis screens are important tools for reaching this goal. Here we describe GSD, a software package that allows storage and integration of data from genetic screens. GSD was initially developed for a large-scale F3 mutagenesis screen for developmental mutants of medaka (Oryzias latipes). The version presented here supports a wide range of different screens (mutagenesis, RNAi, morpholinos, transgenesis and others) using different organisms.
Introduction
A major goal of the post-genomic era is to elucidate and study the functions of genes and to annotate gene functions in a standardized way. Mutant screens have been very successful in helping discover gene functions and have been conducted with important animal model systems, such as C. elegans, Drosophila, zebrafish (Haffter et al., 1996) , medaka (Loosli et al., 2000) and mouse (Hrabe de Angelis et al., 2000) . Databases have been established to provide results from these screens to the scientific community in an organized way (e.g. WormBase for C. elegans (Harris et al., 2003) , FlyBase for Drosophila (FlyBase-Consortium, 2003) , ZFIN for zebrafish (Sprague et al., 2003) and MGI for mouse (Blake et al., 2003) ). However, a major difficulty for database curators is the annotation of mutant phenotypes resulting from different sources that were analyzed by different researchers.
Here we describe a software package that can be used to describe phenotypes in a standardized way and to organize genetic screen data. We developed a phenotype classification ontology for fish (medaka and zebrafish) and similar ontologies for other model systems can be implemented easily.
The interface can provide screeners with a standardized screening checklist. Researchers can evaluate the screen on a daily basis (e.g. number of screened genomes, frequency of mutations per genome). The huge amount of data gathered during a screen can be used directly to describe, categorize and organize lists of identified lines.
Data and data access

Screen identity
Embryos are grouped in clutches. A clutch of embryos is produced by a single cross at a particular time (approximately 20 eggs/clutch for medaka or 100/clutch for zebrafish) yielding synchronously developing individuals. From the time data are entered, the clutch 'exists' in the database and its embryos can be followed and described throughout development.
Clutches are linked to the cross that produces them and crosses are linked to the families from which they originate (Fig. 1) . Clutch names are generated automatically from their cross names and cross names are generated from family names.
Data stored for a clutch include: date of fertilization (embryo collection), user name of the collector, number of embryos, number of dead embryos, identifier for the family, generation and cross number. Families are the source of the screen. They could be (depending on the kind of screen) the offspring of a single mutagenized individual, siblings that have been injected with a construct or a clutch of embryos treated with a reagent such as RNAi.
Screen phenotype
The user can enter a description of a phenotype for a single embryo in a clutch at any particular developmental stage because GSD stores information about phenotypes with a resolution of a single embryo and a single developmental stage (Fig. 1) . In addition to the frequency (numbers of wild-type, number of embryos that died during development or mutant embryos), phenotypes can be specified by images and parameters like screening temperature (important for temperature sensitive mutants), screening method (morphology, mRNA in situ or antibody screen), text comments and descriptive terms defined by a phenotype classification ontology, such as the one we have developed for medaka and zebrafish.
Line identity
A line represents the result of a screen. It can be a mutant allele or a transgenic line identified in the screen. A line has a name that usually refers to the phenotype (e.g. eyeless (el)) as well as a family reference that refers to the family from which the line has been identified. The family reference consists of the family name and an arbitrary letter that makes this reference unique to distinguish it from other lines that may originate from the same family (Fig. 1) . It can be left empty to provide a simple list of lines, for example when screening data are not available. Lines that fail to complement one another genetically are assigned the same name but different allele numbers and family references.
Line phenotype
Established lines or mutant alleles can be described in the same format as screened embryos. Phenotypes are specified by images, an ontology description and other parameters like genomic information (Fig. 1 ). To simplify data entry, the original screening data can be accessed and reused when describing a line or when selecting representative images. Using the family name, a list of crosses can be selected in which this line was discovered. This list of crosses enables the database to link information about a line to the original screen data.
Fish gene expression and phenotype ontologies
To enable cross-species comparisons of gene expression patterns and mutant phenotypes between medaka and zebrafish, we developed ontologies for medaka and zebrafish (Table 1) and submitted them to 'Open Biological Ontologies' OBO (http://obo.sourceforge.net/) where they can be downloaded in DAGedit format. During production of these ontologies, we took great care to use the same terms for corresponding structures in both fish species and, wherever possible, in mouse and Drosophila. We have also developed a set of translation tables that define the relationships among terms that differ among these species.
We developed three different ontologies, hierarchical sets of developmental terms, anatomical terms and phenotypic terms. Each term has a unique identifier: MFO (Medaka Fish Ontology), ZDB (Zebrafish Database). We annotate individual database records by defining an intersection of these three orthogonal ontologies.
The first ontology defines the terms and their relationships used to describe developmental stages. The medaka developmental stages ontology contains 46 terms as originally described by Iwamatsu (Iwamatsu, 1994) . The zebrafish developmental ontology is based on the staging series from Kimmel (Kimmel et al., 1995) and has been expanded to 44 terms.
The second ontology defines the terms used to describe anatomy and has 4173 terms for medaka and 1156 terms for zebrafish. These ontologies are already used to describe endogenous gene expression patterns in ZFIN http://zfin.org (Sprague et al., 2003) and in the Medaka Expression Pattern Database MEPD http://www.embl.de/mepd/ (Henrich et al., 2003) , and can be implemented in GSD to describe other expression patterns, for example GFP expression in transgenic lines.
The third ontology defines the terms used to describe mutant phenotypes. During an initial screen, it is usually not possible to describe an embryo in detail. Researchers typically record approximate descriptions that allow categorization of phenotypes, thus supporting discovery of the functional relatedness of the mutated genes. For this reason, we developed a relatively high level, phenotype classification ontology that contains a subset of terms that have been most useful for large-scale screens. The 'deeper' phenotype ontology, using the full anatomy and developmental stages ontologies, is probably more useful for detailed annotation of mutant records in model organism databases, such as ZFIN. The high-level phenotype ontology includes 106 anatomical structure terms (105 for zebrafish) and 29 modifier terms. An anatomical structure term can be further specified by a list of appropriate modifiers. For example, the anatomical term 'eyes' that 'ispart-of' the 'sensory system' can be modified by the terms 'abnormal, absent, enlarged, reduced, cyclopic'. We developed this ontology based on our experience in a large-scale medaka mutatgenesis (Kyoto screen 2004) screen as well as with the mutants described in ZFIN (Sprague et al., 2003) and the Boston (Driever et al., 1996) and Tübingen (Haffter et al., 1996) zebrafish screens.
We defined common phenotypic terms including shared anatomical terms to enable cross-references between the two databases (GSD and MEPD). The ontologies are represented directed acyclic graphs (DAG) that are similar to hierarchies, but allow more than one parent for each node. The graphs were developed using DAGedit (http://www. geneontology.org/doc/GO.tools.html) and self-written tools. The ontologies implement the three different relationships among terms that are also supported by gene ontology (The-Gene-Ontology-Consortium, 2001): 'is-partof', 'is-a' and 'develops-from'. We made an effort to use orthogonal modifier terms, meaning terms that can be applied to all or many anatomical terms (e.g. abnormal, absent, enlarged) but in a few cases we needed nonorthogonal specific modifiers (e.g. cyclopic).
Implementation and results
The software is designed for use in a standard 3-tier model. The client uses a browser to send an HTML request to the web server. Servlets handle the request, query the relational database, compute the result set and compose a response for the client.
A prototype version for testing the software has been installed at: http://www.embl.de/wittbrodt/gsd. The GSD software is freely available for academic use and a commercial license can be obtained for commercial users. A link to this site will be added to the new update of the Molecular Biological Database Collection (Galperin, 2004) to direct potential users to the GSD package.
Database
We provide SQL scripts to create the tables through SQL commands and scripts to insert a) a species specific phenotype classification ontology (medaka, zebrafish) b) a species specific developmental stages ontology (medaka, zebrafish) and c) data to describe users and their access privileges.
The tables describing the phenotypes of individual embryos (Fig. 2, green tables) and lines (Fig. 2, orange  tables) have similar relationships. Phenotypes for both embryos and lines are described using the same reference tables including images and the ontologies for the developmental stages and the phenotype classification (Fig. 2 , yellow tables). This makes it easy to use screen data for mutant descriptions. These two domains are linked through the table gt_mutant_cross (Fig. 2) that contains a list of crosses for a mutant that were used to establish the mutant line.
Web interfaces
We provide the source code of the JAVA servlet web modules: three for entering data and five to retrieve data. For each entry to the database, information about the update time and the user who entered the data is recorded.
Data submission
† The Register Family module enables the user to enter general information about a clutch such as the origin (family name, parent cross, embryo collector, date of fertilization) and numbers of total and dead embryos. † The Screen DB module can be used to describe the phenotypes of the screened embryos using a species dependent phenotype classification ontology and comments. The conditions and screening methods are recorded and images can be submitted. † The Mutant DB module is used to describe a mutant allele or other line. Data (descriptions and images) gathered during the screen can be used to complete the description of the mutant phenotype.
Data query
† The Search Screen DB module is used to search data entered with the 'Register Family' and 'Screen DB' modules. † The Search Mutant DB module is used to search data entered with the 'Mutant DB' module. A copy of this module Search Public Mutant DB does not have password protection and displays information about mutants that have been labeled 'public'. It can be used by a research group to publish their list of mutants to the scientific community via the Internet. † The Developmental Stages module displays the ontology terms that describe the developmental stages of the organism. † The Phenotype Classification module displays the ontology terms used to classify the observed phenotypes.
Discussion
The software package presented here originates from a database that was specifically designed for a large-scale medaka ENU F3 mutagenesis screen. During development of this database, we realized that with a few changes it could be easily adapted for many other applications. Hence, we modified it to be species independent, screen method independent and platform independent.
We achieved species independence by implementing the database in a modular way. By substituting the species dependent ontologies for the developmental stages and the phenotype classification, this software package can be used for other organisms. Here we developed an ontology for fish. Because similar ontologies exist for other model organisms such as Drosophila, C. elegans and mouse, GSD can easily be adapted for use during genetic screens in these organisms. Once the proper ontologies have been entered into the database tables, the web interfaces dynamically display them when needed for describing phenotypes. However, GSD requires that the individuals described in the same clutch develop synchronously.
We developed the software for a large-scale ENU mutagenesis screen, but the current version can be applied as well to other screens (screen method independence) including phenotypes induced by knockout, P-element insertion or morpholino injection. For any particular application, a unique identifier is required for each family with a similar genetic origin. For specific screens (e.g. eye development), the ontologies can be extended to provide higher resolution in the system of interest while still allowing classification of general defects. GSD can even be used independently of a screen, for example to maintain and track mutant or transgenic lines.
We used the JAVA programming language in combination with SQL and HTML forms to support platform independence. Our JAVA servlets were developed on a Tomcat server and were tested on an IBM WebSphere server and JDeveloper. The original version of the Kyoto Mutant Database was developed using IBM DB2 as a relational database. For GSD we used Oracle 8i and tested it on postgreSQL. Because we used standard SQL, GSD will work with many other relational database management systems.
A genetic screen can yield a very large amount of data. In the Kyoto medaka screen we have recorded more than 10,000 images (3 GB) and we have screened more than 250,000 embryos in approximately 25,000 clutches of 1250 families. To centralize such all these data in a single database, instead of recording information on a variety of different media on different computers in different laboratories, is a great advantage and will facilitate analysis and publication of information from the screen. In addition, the database can be analyzed by scripts to generate daily reports and summaries of the screen (e.g. number of screened families and genomes, estimated mutation rate per genome). The use of standardized ontologies facilitates classification and comparisons of mutants because all screeners use the same set of standard terms.
The GSD software package provides researchers with the opportunity to perform a distributed screen. Using web interfaces enables research groups in different parts of the world to collaborate, thus facilitating saturating screens.
Data can be shared among the groups or limited to access by only particular groups or individuals.
